In this study, we examined raspberry-shaped organic/inorganic hybrid structure for potential development of a nanoantenna system capable of detecting and labeling biomolecules. The structure is characterized by a high density of gold nanoparticles (AuNPs) separated by closely packed aniline oligomers that serve as a linkage between adjacent particles. In particular, the structure was based on repeated sequences of AuNP-aniline oligomer-AuNP in a three-dimensional arrangement, which enabled the creation of optical hot spots that can hold multiple molecules. We examine the expression of such features by focusing on the structure and characteristics of the hybrid. We demonstrate that these optical hot spots enhance the dye fluorescence without quenching. As a result, we were able to create a nanoantenna structure enabling the efficient use of light.
Introduction
The high signal enhancement capability of chemical and biological sensors has spurred considerable efforts in developing antenna systems based on metal nanoparticles (NPs) that can detect single molecules. [1] [2] [3] Metal NPs, which have electrical, optical, and chemical properties differing from those of bulk metals, have been the focus of much interest in recent years; in particular, gold NPs (AuNPs), which possess highly dense electron structures and are chemically stable, are considered to have the most potential for use in a broad range of electronics, optics, catalysts, and biomedical applications. [4] [5] [6] [7] Because the specific properties of AuNPs depend strongly on their dispersibility, it is necessary to control their placement in and/or on the matrix. The AuNPs are capable of producing an enhanced optical field near their surface that can be tuned throughout the visible and near-infrared spectrum. In addition, molecules adsorbed on an AuNP surface undergo surfaceenhanced Raman scattering (SERS) effects based on the coupling of the plasmon band in which collective oscillation of the conduction band electrons occurs upon visible light absorption. 8, 9 Free electrons on an AuNP surface express localized surface plasmon resonance (LSPR) involving collective vibrations induced by interaction with visible light. The LSPR may depend on a combination of factors-namely, the size, shape, and dispersibility as well as the surrounding dielectric constant. 10, 11 Correspondingly, controlling the LSPR of a nanoantenna structure (a concept known as the "effective use of light") [12] [13] [14] should be possible through careful assembly of AuNPs. Currently, chemical and biological sensors for the detection of single molecules are fabricated by forming substrates containing "hot spots," or regions of high electromagnetic enhancement between the metal NPs. [15] [16] [17] Structures formed by trapping molecules in "hot spots" of NPs assembled in nanometer-controlled structures are believed to have specific properties. Mostly, they were examined focusing on the NPs immobilized to the substrate or in a water thin layer.
Recently, there have been many reports about the unique structures composed of metal NPs and conducting polymers including polyaniline (PANI). 18 It is well known that PANI is a typical conducting polymer; it has drawn intense interest owning to its electrical conductivity and polymerization degree, which are obtained through anionic species doping, and depends on the atmospheric pH. 19 We have also previously reported a single step processing technique for developing a uniformly structured raspberry-shaped hybrid structure consisting of PANI and AuNPs. [20] [21] [22] [23] The raspberry-like structure has been assembled of highly dense AuNPs that do not have direct contact with each other in the PANI matrix. Anionic fluorescent molecules can be placed in the hot spot between the adjacent AuNPs without making direct contact with the AuNPs, which leads to enhance fluorescence significantly without quenching since the PANI matrix can comprise anionic molecules through the electronic doping process. Therefore, the raspberry-like structure, which can hold and enhance fluorescent dye, acts as a stable fluorescent marker and even hot spot source in an aqueous media. Kneipp Although it is well known that the optical enhancing effect of silver NPs is the strongest among metal NPs, metal ions eluted from NPs are cytotoxic to living microorganisms. Therefore, we chose to use AuNPs because of their chemical stability. In this paper, we discuss the fluorescence enhancement of a dye in a bulk solution by focusing on the optical property of the regulated raspberry-like structure and its potential for analytical applications.
Experimental

Reagents and chemicals
All chemicals used were of reagent grade. Ultrapure water (>18 MΩ cm) sterilized with ultraviolet light was used throughout the experiment. The chloroauric acid (HAuCl4), aniline, potassium carbonate, and sodium borohydride (NaBH4) used to prepare the nanoraspberry and AuNPs were purchased from Wako Pure Chemical Industries, Ltd., Japan.
Preparation of raspberry-like hybrid structure
An aqueous 20 mM aniline solution (25 mL) was added to an aqueous 3.6 × 10 -5 M tetrachloroauric acid solution (pH 3.6, 500 mL) and the mixture was stirred at 353 K for 20 min. [20] [21] [22] [23] The resulting solution was ultracentrifuged at 8500 rpm for 30 min at 278 K. The supernatant was removed and the precipitate was redispersed into 30 mL of ultrapure water with ultrasonication for 10 min. This mixture was again centrifuged under the conditions described above. The above procedure was repeated three times in order to exclude unreacted species. The resulting dispersion (0.012 wt%) was stored in a glass bottle at 278 K. Characterization using a zeta-potential and particle size analyzer (ELSZ-2Plus, Otsuka Electronics) revealed that the resulting nanoraspberries had a mean diameter of 70.7 ± 16 nm and a high dispersibility owning to a large positive Zeta potential (+26 mV). Monodisperse AuNPs with a mean diameter of 5.5 nm and a standard deviation (SD) of 0.83 nm (n = 100) were also observed in the hybrid by transmission electron microscope (TEM).
Preparation of AuNPs
An aqueous 0.1 M potassium carbonate solution (0.5 mL) was added to an aqueous 7.2 × 10 -4 M tetrachloroauric acid solution (25 mL) and the mixture was stirred at 277 K. After adding an aqueous solution of 13 mM sodium borohydride (2.5 mL), the resulting solution was stirred for another 20 min. The resulting dispersion (0.013 wt%) was stored in a glass bottle at 278 K. The resulting AuNPs had a mean diameter of 5.2 ± 0.4 nm and negative Zeta potential (-15 mV). The AuNP dispersion could be observed as a clear reddish color solution having a typical UV-Vis spectrum with an absorption at 517 nm, which is attributable to the surface plasmon resonance.
Surface morphological analysis of the hybrid
The dispersion was dropped onto a mirror-finished plasticwith-carbon formation and then dried under vacuum conditions at 313 K for 30 min. The surface morphology of the hybrids was observed using a field emission-scanning electron microscope (FE-SEM, S4700, Hitachi, Japan) at an applied voltage of 15 kV. The hybrid was placed on a Cu grid and then dried under vacuum at 353 K for 30 min. TEM imaging of the hybrids was performed using a JEM 2000FXII (JEOL, Japan) at an accelerating voltage of 200 kV.
Fluorescence evaluation
We evaluated the fluorescent properties of fluorescein molecules in the hybrid and AuNP dispersions using both spectroscopic and microscopic methods.
Fluorescence spectroscopic evaluation was performed using a spectrofluorometer (FP 6300, Jasco, Japan). The fluorescence emission spectra of each optical cell dispersion were obtained by excitation at 490 nm between 500 and 600 nm in a fluorescence spectrophotometer. Fluorescence microscopic observation was carried out using a metallurgical microscope (Olympus BX51, Japan) fitted with a fluorescence unit in a dark room.
Dark-field light scattering spectroscopy
In dark-field microscopy, only light scattered by the structure under study is collected in the detection path, while directly transmitted light is blocked using a dark-field condenser. 23 Dark-field light scattering images were acquired using an optical microscope (Eclipse 80i, Nikon, Japan) with a dark-field condenser, a 100 W halogen lamp, and a digital camera unit. Scattering spectra were obtained using a miniature grating spectrometer (USB4000, Ocean Optics) that was connected to the microscope using an optical fiber (core diameter 400 μm). The light-scattering spectra were corrected for spectral variations in the system response and the white-light intensity distribution throughout the sample was recorded through division by brightfield spectra. The collection volume was nearly diffractionlimited (cross-sectional area ~10 μm 2 ) for the 100 objective/ fiber combination used. Typical acquisition time was 100 ms. Drops of 10 μL of dispersion were pipetted onto a glass slide and then dried in air in order to image their dark-field light scattering properties.
Results and Discussion
The raspberry-shaped hybrid possessed a mean diameter of 70 nm (Fig. S1 , Supporting Information) and a high dispersibility owing to its large positive Zeta potential (+26 mV). Scanning electron microscopy (SEM) indicates that the hybrids have raspberry-like structures as shown in Fig. 1A . A clear difference can be seen in the light and dark contrast based on the electrical conductivity between the hybrids after overnight immersion in aqueous acidic and basic media. TEM also reveals a significant difference between the internal structures of the hybrids in Fig. 1B . In the basic medium, individual AuNPs with a mean diameter of 5 nm were observed in the hybrids. By contrast, the hybrids in an acidic medium tended to have a single spherical form with diameters over 50 nm. These results indicate that a conducting PANI throughout the doping process causes metallic absorption, which helps confirm that the hybrid is formed with repeated sequences of the three-dimensional AuNP-PANI-AuNP arrangement.
To investigate the optical properties of the hybrid in detail, we performed a spectroscopic evaluation with altered pH levels, as shown in Fig. 1C . In an acidic medium, the significant absorbance peak observed at 430 nm could be attributed to both the benzidine quinoid structure and the absorption band of localized radical cation, which should have formed as a shoulder of the major band at 320 nm (π-π* transition). [24] [25] [26] Although a small absorbance around 600 nm was also observed, absorbance over the long-wavelength region (700 nm~), which were attributable to the delocalized polaron (free-tail) in a typical conducting PANI, was not found. 11 It suggests that the PANI in the hybrid has been formed by overlapping aniline oligomers with shorter conjugate length. A significant absorbance increase around 600 nm was also observed; this small absorbance in the acidic medium (a) increased in intensity with increasing pH until it became a broad absorption over the long-wavelength region and; (b) the absorption pattern was composed of a few peaks marking the LSPR of the AuNPs (~520 nm), the quinoid in the aniline oligomer (~650 nm), and dispersibility of the hybrid. [24] [25] [26] [27] [28] [29] [30] [31] [32] There are two plausible explanations for the absorbance characteristics. One explanation is based on the occurrence of an electronic interaction between the band structure of the aniline oligomer and the surface electric fields of the AuNPs, which reflect the TEM observations. The other explanation is based on the dispersibility of the hybrid, which is lower than that generally observed in AuNPs. Because there was no visually apparent change in dispersibility, we believe this effect to be negligible. Our hypothesis is as follows: the slight absorbance near 600 nm in an acidic medium was attributable to the LSPR of the AuNPs because AuNPs were present in the hybrid. The LSPR, which usually shows a strong intensity near 520 nm (refer to Fig. S2 , Supporting Information), has been obtained as a broad, weak absorbance shifting to a longer wavelength (~600 nm). [30] [31] [32] [33] Thus, the hybrid behaved like a large single particle with a mean diameter in the 50 -100 nm range owing to the electronic interaction between the AuNPs and conducting PANI. On the contrary, the broad absorption over the long-wavelength region observed in a basic medium was composed of two components: an absorption at 650 nm due to the quinoid form in the insulating PANI and a red-shift of the LSPR based on the interparticle gap distance between adjacent AuNPs in the hybrid due to the electrical interaction loss between oligomers and AuNPs. 34 Because the raspberry-shaped hybrid has a high density of dispersible AuNPs separated by aniline oligomers, the overlap of aniline oligomers allows for anionic molecule fixing without direct contact with the AuNPs (see Fig. 1D ). [30] [31] [32] This structure can therefore hold and enhance the fluorescence of dyes without quenching.
The fluorescence of dye molecules changes dramatically in close proximity to AuNPs; this is likely a result of the mixing of molecular and metallic electronic levels as well as interactions between the molecules and the LSPR. 33 Although dye adsorption on an AuNP surface results in the quenching of its fluorescence, enhancement has been reported for dyes located specific distances from the metal surface. 35, 36 Developing a better understanding of the detailed relationship between AuNPs and molecular activity therefore remains a significant challenge in the effective use of light.
To assess the effects of adding dyes to the hybrid, we performed fluorescence photometric measurements of fluorescein molecules in a phosphate buffer solution before and after addition of the hybrid, as shown in Fig. 2A . With the hybrid, the intensity at 512 nm observed in the supernatant after centrifugation was reduced to about 40% of that in the control. Fluorescence imaging of the hybrid-like structure precipitate indicated that the fluorescein molecules, which have a carboxyl group, were incorporated into the hybrid (Fig. 2B) . From the positive Zeta potential of the raspberry-like structure, it is clear that the fluorescein molecules were introduced into the hybrid through electrostatic interactions and/or through doping into the backbone of the aniline oligomers. The addition of the hybrid dispersion increased the fluorescence intensity at 512 nm until a constant value was reached at about 15 μg, as shown in Fig. 2C(a) . No change in the fluorescence intensity of the solution was observed over one month. Thus, fluorescein molecules incorporated into the hybrid structure have a strongly enhanced fluorescence and high stability. On the other hand, the intensity at 576 nm was constant with an increase in the amount of the hybrid dispersion added into aqueous 10 nM rhodamine, as shown in Fig. 2C(b) . Although an enhanced fluorescence was not observed in the rhodamine solution, the fluorescence intensity was almost constant over one month. In the fluorescence microscopic observation of the hybrid precipitate, there was no fluorescence based on rhodamine molecules. This result indicated that the positively-charged hybrid structure electrostatically repelled with rhodamine molecules, having two amino groups. We found a dramatic increase in the absorption intensity of fluorescein molecules, whereas there was no change in the rhodamine with and without the hybrid in Fig. 2D . It is well known that a quenching of a dye's fluorescence occurs at small distances (< 1 nm) between the dye molecules and the AuNPs. 37, 38 From the above results, the fluorescence enhancement expression of the raspberry-like hybrid structure is believed to be based on the interaction between the fluorescein molecules and enhanced electric field with sufficient distance between the dyes and AuNPs.
We performed fluorescence measurements on dye solutions to which AuNPs (Fig. S2) protected by carbonate (Zeta potential of -15 mV) were added, as shown in Fig. 3A . The mean diameter of 5.2 nm assumed for these AuNPs is based on the particle size (about 5.5 nm) of the AuNPs in the raspberry-like structure (Fig. S1 ). As AuNPs were added into a fluorescein solution, the fluorescence intensity obtained at 512 nm increased slightly until 1.6 μg of AuNPs were introduced and then decreased sharply when more than 2.0 μg of AuNPs were introduced. The intensity at 5.8 μg of AuNPs was lower than that without AuNPs, as shown in Fig. 3A . On the other hand, the intensity at 576 nm decreased monotonically as the AuNP was added into a rhodamine solution in increasing amounts. No fluorescence was observed in the AuNP solution without dyes. These results confirm the following quenching and enhancement effect: the fluorescence of dye molecules, which is enhanced by increased electric fields and LSPR generated by visible light irradiation, is quenched at small distances by nonradiative energy transfer between the dye molecules and the AuNPs. 37, 38 Because there is no significant difference in the intensity of dye molecules over the experimental pH range (Fig. S3 , Supporting Information), these results may stem from the degree of AuNP concentration and the electrostatic interaction between the dye molecules and the AuNP in solution. In a diluted AuNP solution, fluorescein molecules are sufficiently distant from the AuNPs, but increasing the concentration of AuNPs reduces the average distance to the dye molecules, which in turn enhances the fluorescence of the dye through interaction with the AuNP electric fields (see Fig. 3A(a) ); this corresponds to an increase in fluorescence intensity. In a highly concentrated AuNP solution, however, the fluorescein molecules overcome the electrostatic repulsion and directly contact the surface of the negatively charged AuNPs, causing nonradiative energy transfer to the AuNPs (see Fig. 3A(b) ); this drastically reduces the intensity. On the contrary, rhodamine molecules, having two amino groups, interacted electrostatically with negatively charged AuNPs and directly contacted the surface of the AuNPs even in a diluted AuNP dispersion, and therefore, the fluorescence intensity decreased monotonically. An absorbance at 560 nm in the UV-Vis spectra increased modestly with an increase in the amount of AuNPs added (see Fig. 3B ). Because a larger increase in the LSPR absorption at around 600 nm is observed, it appears to have increased with the increasing baseline rather than with the enhancement by the electric field. Actually, the peak at 576 nm became broad rather than sharp. Thus, the dye fluorescence unstably depends on the surrounding AuNP environment, and fluorescence quenching and enhancement can be observed in a given sample based on competition between the nonradiative pathways and enhancement in the electric field.
As AuNPs were added into respective fluorescein and rhodamine solutions, the intensities decreased with increases in the amounts of the AuNP. The results confirm that the fluorescence of dye molecules is quenched at small distances by nonradiative energy transfer between the dye molecules and the AuNPs. 37, 38 Because the experimental pH was controlled at pH 7.4, these results may stem from the degree of AuNP concentration and the electrostatic interaction between the dye molecules and the AuNP.
The dye fluorescence unstably depends on the surrounding AuNP environment, and fluorescence quenching and enhancement can be observed in a given sample based on competition between the nonradiative pathways and enhancement in the electric field. However, the fluorescence effect on its own does not provide an adequate explanation for the significant behavior difference observed between the raspberry-like structures and the AuNP dispersions. To investigate the interaction between free electrons on the surface of an AuNP and the visible light in the raspberry-like structure in greater detail, we performed a dark-field spectroscopic evaluation focusing on the light-scattering intensity. The dark-field microscopic images, which were obtained through irradiation with white light, show a significant difference between the raspberry-like structure (a) and the AuNP (b), as shown in Fig. 4A . The light-scattering intensity of the raspberry-like structure is more than 10 times higher than that of the AuNP, which suggests that the raspberry-like structure emits strongly enhanced light through LSPR coupling caused by incident visible light absorption, because there are many non-contacting AuNPs in the raspberry-like structure (Figs. 4B and 4C). 39 As mentioned above, the fluorescein molecules interact through the doping process with the aniline oligomers between adjacent AuNPs in the raspberry-like structure. In other words, dye that is not in contact with AuNPs is present in the hot spots caused by the coupled LSPR generated by enhanced electric field overlap between nearby AuNPs; this strongly enhances dye fluorescence without the nonradiative energy transfer that occurs in the AuNP dispersion.
Conclusions
In this study, it was shown that a raspberry-like hybrid structure induces significant enhancement in the fluorescence of a dye. A hybrid structure composed of repeated sequences of threedimensional AuNP-aniline oligomers-AuNP arrangements can produce numerous hot spots with highly dense yet noncontacting concentrations of AuNPs. The aniline oligomer used in such hybrids interacts through a doping process with dye molecules, enabling the fixing of many dye molecules within the hot spots. In this way, the raspberry-like structure provides a large number of hot spots that can hold many dye molecules and strongly enhances their fluorescence. In the fabrication of nanometer-sized structures using AuNPs for this study, we were able to create a nanoantenna for the effective use of light for analytical applications.
